Two full-length human immunodeficiency virus type 1 O sequences are described, one of which was hypermutated in all regions of the genome. This indicates that the intracellular [dTTP]/[dCTP] bias conducive to G A hypermutation may be sustained throughout the synthesis of minus-strand DNA. In turn, this suggests the possibility of mutation of host sequences.
Two full-length human immunodeficiency virus type 1 O sequences are described, one of which was hypermutated in all regions of the genome. This indicates that the intracellular [dTTP]/[dCTP] bias conducive to G A hypermutation may be sustained throughout the synthesis of minus-strand DNA. In turn, this suggests the possibility of mutation of host sequences.
Retroviral G A hypermutation takes place during reverse transcription when the intracellular dTTP concentration greatly exceeds that of dCTP (Martinez et al., 1994 ; Vartanian et al., 1997) . This results in extensive and monotonous incorporation of dT opposite rG leading to G A substitutions. It has been found to occur for a wide variety of retroviruses including hepatitis B virus (Gu$ nther et al., 1997) , although the degree of hypermutation is never greater than for the lentiviruses -occasionally segments may occur with 60 % of Gs substituted (Janini et al., 2001 ; Vartanian et al., 1991 ; Wain-Hobson et al., 1995) . Hypermutation may be reproduced in vitro (Martinez et al., 1994) , during strong stop synthesis and in culture, again by modulating the [dTTP]\[dCTP] ratio (Vartanian et al., 1997) . It occurs essentially during minusstrand DNA synthesis although occasional genomes with hypermutated plus-strands have been noted (Vartanian et al., 1991) . Given that minus-strand synthesis takes at least an hour and that elongation beyond a mismatch, albeit facile for the human immunodeficiency virus (HIV-1) RT, slows down synthesis (Martinez et al., 1994 ; Richetti & Buc, 1990) , hypermutation throughout minus-strand synthesis would indicate that dNTP pool imbalances can be maintained for considerable periods of time and do not reflect rapid fluctuations around steady state concentrations. One complete caprine arthritis-encephalitis virus (CAEV) genome indicated that hypermutation occurred erratically with hypermutated Author for correspondence : Simon Wain-Hobson.
Fax j33 1 45 68 88 74. e-mail simon!pasteur.fr segments interspersed by non-mutated regions . Borman et al. (1995) described 2n4 kb of sequence data derived from a complete cloned HIV-1 O (strain Vau) provirus. Segments of env and int were highly hypermutated.
To see if G A hypermutation can be sustained over 10 kb of minus-strand DNA synthesis, this clone (Borman et al., 1995) has been completely sequenced. All regions of the provirus were hypermutated including the two LTRs. Given that a typical HIV-1 base composition is approximately 36 % A, 23 % G, 19 % C and 22 % T and that of the hypermutated Vau genome is approximately 43 % A, 16 % G, 19 % C and 22 % T, this would suggest that approximately 31 % of Gs were substituted. However, given the paucity of HIV-1 O sequences, as well as their divergence, the extent of hypermutation was difficult to ascertain. Accordingly a complete Vau sequence was assembled by sequencing four fragments amplified from the same Hirt DNA preparation from which the hypermutated provirus was cloned. Primers were designed from what appeared to be non-hypermutated regions. Upon cloning in a TOPO TA cloning vector, inserts were sequenced. Both strands were covered and all differences with respect to the two full-length published sequences, MVP5180 (Gu$ rtler et al., 1994) and ANT70 (Vanden Haesevelde et al., 1994) were checked on the fluorograms. Accession numbers for the two Vau sequences are AF407418 and AF407419. Alternatively they can be found at ftp.pasteur.fr\pub\retromol\Vau.
The extent of G A hypermutation is shown in Fig. 1 in the form of differences with respect to the reference Vau sequence (Fig. 1) . A total of 680 out of 2189 Gs were substituted, or 31 %, while the ratio of G A\A G transitions was 680\13. Typically, substitutions occurred mainly in GpG (60 %) and to a lesser extent in GpA (34 %) dinucleotides to the detriment of GpT (3 %) and GpC (3 %) (Borman et al., 1995 ; Fitzgibbon et al., 1993 ; Vartanian et al., 1991 Vartanian et al., , 1994 . Many runs of G were substituted reflecting once again the ability of the RT to elongate beyond mismatches, even runs of three to four mismatches.
Turning to the complete HIV- 10-20 %. Inevitably with three complete O group sequences, specific motifs start to come to the fore. The differences are subtle, for example the stem and loop involved in ribosomal frameshifting between gag and pol are shorter and larger compared to M and N group sequences. Rev is 11 residues shorter at its carboxy terminus compared to most HIV-1 M sequences, with the exception of clade C sequences.
Not surprisingly, within gp120 Env variation is particularly evident. The V4 hypervariable region of all published HIV-1 O Envs show an additional disulphide bridge (Fig. 2) . This is intriguing given that a similar situation pertains to a fraction of HIV-1 A\E clade viruses circulating in Thailand (Fig. 2) , although its precise location is slightly different (McCutchan et al., 1996) . It represents a case of parallel evolution, for this is the only feature in common with the A\E viruses. This extra disulphide bridge is absent in N and SIVcpz strains. Unfortunately this region of the Env structure was insufficiently ordered in the crystal structure to permit analysis.
Only for Env are there numerous HIV-1 O sequences. These were aligned using the program   (Thompson et al., 1994) . Phylogenetic trees were derived by neighbourjoining analysis applied to pairwise sequence distances calculated using the Kimura two-parameter method to generate unrooted trees (Felsenstein, 1989) . A phylogenetic tree based on a selection of HIV-1 env sequences is shown in Fig. 3 . Obviously the Vau sequence clusters well with the other O sequences at the base of the radiation. Analysis of the gag and pol sequences showed that Vau clustered in the same position indicating that it is not a recombinant (data not shown). As noted before, the radius of the O group sequences is comparable to that of the M group viruses. The radii for fulllength HIV-1 O Gag and Pol trees were comparable to those of HIV-1 M (not shown) indicating that the two expansions are generally in phase (Charneau et al., 1994) .
That hypermutation occurred throughout the entire provirus indicates that highly biased dNTP pools can be maintained for a few hours. This follows from the knowledge that proviral synthesis takes up to an hour while elongation after a mismatch is relatively slow compared to the match (Sala et al., 1995) . Given the large number of mismatches, minusstrand polymerization would be expected to be slowed down considerably. What this means for chromosomal DNA synthesis is less clear. Certainly, the frequency of mutation resulting from biased dNTP pools would be greatly reduced by proofreading and mismatch repair, something unavailable to a retrovirus. However, given that G : T mismatches are corrected to A : T rather than G : C at a frequency of approximately 1 : 20 (Brown & Jiricny, 1987) , it would seem possible that if a (Thompson et al., 1994) while trees were calculated by neighbour-joining analysis applied to pairwise sequence distances calculated using the Kimura two-parameter method (Felsenstein, 1989) . Branch lengths are drawn to scale with the bar indicating 0n1 nucleotide replacements per site. The final output was generated with TREEVIEW (Page, 1996) [dTTP]\[dCTP] bias could be maintained for a few hours, mutation might well occur in the host cell genome (Gojobori & Yokoyama, 1987 ; Krawczak et al., 1995) . Fluctuations of dNTP pools might provide a biochemical link underlying oncogenesis, spontaneous and hereditary diseases as well as retroviral hypermutations.
